Abstract
INTRODUCTION
Cirrhosis leads to portal hypertension and end-stage liver disease, with complications [1, 2] . Pathophysiology of ascites, one of the most common complications in liver cirrhosis, involves a decrease in effective arterial blood volume due to splanchnic arterial vasodilatation leading to activation of potent vasoconstriction systems, such as the renin-angiotensin-aldosterone system (RAAS), the sympathetic nervous system, and vasopressin release, which in turn results in retention of sodium and free water to restore blood homeostasis [3] [4] [5] [6] . Progression of liver diseases is characterized by a large decrease in the excretion of urinary sodium, and accumulation of retained fluid within the abdominal cavity. For liver cirrhosis patients with ascites, current guidelines recommend the administration of a diuretic drug if the efficacy of sodium intake restriction is inadequate [7] . Conventional diuretics are natriuretic drugs that block sodium reabsorption in the nephrons, increasing renal sodium excretion to achieve a negative sodium balance [6, 8] . Although ascites in the majority of patients can be controlled by restriction of sodium intake and administration of a natriuretic medication, 5%-10% of patients with ascites develop resistance to conventional therapy as refractory ascites. Refractory ascites is composed of diuretic-resistant ascites and diuretic-intractable ascites. Diuretic-resistant cannot be mobilized or the early recurrence because of a lack of response to dietary sodium restriction and conventional diuretics. For the treatment of diureticintractable ascites an effective diuretic dosage has not yet been determined because of the development of severe diuretic-related side effects [9] . The strategy of ascites refractory to diuretic therapy has still not been established.
Recently, several studies have evaluated the effects of aquaretic drugs such as tolvaptan for treating ascites resistant to conventional diuretics [10, 11] . Tolvaptan, which blocks arginine vasopressin (AVP) from binding to V2 receptors in the distal nephrons and thus restricts water reabsorption, is an ideal aquaretic drug for the treatment of delusional hyponatraemia in conditions associated with increased circulating levels of antidiuretic hormone such as decompensated liver cirrhosis [12] . However, whether a combination therapy with natriuretic and aquaretic is more effective than conventional therapy with natriuretic only for liver cirrhosis patients with ascites remains unclear. To clarify this, we compared the pharmacological effects of combination diuretics therapy with conventional diuretics therapy in cirrhotic ascites patients.
MATERIALS AND METHODS

Ethics
This study was approved by the Institutional Review Board Ethics Committee of the Tokushukai Medical Group (license number: TGE00406-024). Informed consent was obtained from patients or their families before study participation commenced. This study was registered at the UMIN Clinical Trials Registry as UMIN000015218. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the Tokushukai Medical Group's human research committee.
Study design
A two-center, randomized, open-label, prospective study was conducted at Shonan Kamakura General Hospital and Shonan Atsugi Hospital in Kanagawa, Japan. This study consisted of a 2-d pretreatment observation period followed by a 7-d treatment period and 4-wk posttreatment observation period. Patients who met the criteria were randomized to receive aquaretic (7.5 mg of tolvaptan) or natriuretic (40 mg of furosemide) in a 1:1 ratio. Permuted block randomization was used for the creation of the randomization list prepared by an investigator with no clinical involvement in the trial, and a randomization code was pre-assigned to each trial drug and used during drug administration. Patients received oral tolvaptan or furosemide for 7 d in addition to the standard therapy identical to that administered prior to enrolment in this study, which included sodium intake restrictions (< 6 g/d), ad libitum fluid intake, and natriuretic therapy [8] . According to the standard diuretic regimen in Japan, high-dose diuretics such as furosemide at 160 mg/d or spironolactone at 400 mg/d is not recommended. All enrolled patients were admitted to the hospital, and the trial drug was administered orally between 07:00 and 08:00 after breakfast. The dosages of the natriuretic drug used prior to enrolment in this study were not changed, and therapeutic abdominal paracentesis procedures were not performed until the completion of the final assessment on the day following the final administration of the trial drug.
Eligibility criteria
Patients were required to meet the following inclusion criteria: Age > 20 years, liver cirrhosis with ascites even after undergoing a natriuretic with a loop diuretic and an anti-aldosterone agent for at least 7 d, and a daily dose of ≥ 20 mg furosemide and ≥ 25 mg spironolactone, a conventional diuretics regimen in Japan [13] . Additionally, the diuretic dosages should not have been changed for at least 7 d prior to initiating the trial, and an ineffective response was one in which body weight was not reduced in spite of administration of intensive diuretic therapy for the 7 d. A difference in dosage of diuretics was observed among patients because different doctors referred them for treatment. Diagnosis of liver cirrhosis was based on laboratory results and imaging tests (ultrasonography and computed tomography), revealing a hepatic cirrhotic appearance, splenomegaly, esophageal varices, and/ or ascites [8] . Patients with hepatic encephalopathy (coma scale ≥ Ⅱ), poorly controlled hepatocellular carcinoma, and patients receiving blood products including albumin for 7 d or less before initiating the trial drug treatment were excluded.
Clinical parameters
Baseline characteristics collected included demographic parameters, concomitant medication, ascites volume, mean 24-h urine volume, and baseline laboratory and urinary data obtained immediately preceding the start of the trial drug administration. All the patients exhibited ascites volumes of ≥ 1000 mL as calculated by computed tomography [14] . Physical examination including measurement of body weight, supine blood pressure, and pulse rate was performed daily. Urine volume was measured over a 24-h period from 06:00. Mean differences in daily urine volume and body weight between the two groups were calculated. Cumulative 24-h urine samples were collected before drug administration each day from the day before initiating tolvaptan until the end of the posttreatment period. Laboratory and urinary data were obtained at 06:00 before drug administration and after drug administration on day 7.
Blood parameters measured included levels of hemoglobin, platelets, serum albumin, alanine aminotransferase (ALT), serum blood urea nitrogen (BUN), serum creatinine, serum total bilirubin, plasma brain natriuretic peptide, human atrial natriuretic peptide, serum sodium, serum potassium, serum osmolality (OSM), serum aldosterone, serum renin, ammonia, and plasma AVP. Urinary parameters measured included OSM, sodium, and potassium. The value for 24-h creatinine clearance (CCr) was calculated as urinary creatinine × urinary volume ÷ serum creatinine × 1440 [15] .
Evaluation
The primary endpoint of this trial was the change from baseline in body weight through the duration of the study. The day a patient completed or discontinued the treatment was defined as the final dosing day. We also studied the responder rate for the trial drug. According to a previous report, patients who lost ≥ 2 kg and < 2 kg body weight after 1 wk of drug administration were defined as responders and non-responders, respectively [16] . Primary endpoint was the change in body weight measured 1 wk after administration of the trial drugs.
Secondary endpoints included changes in urine volume, ascites volume, and improvement of ascitesrelated symptoms. To determine the pharmacological effects of tolvaptan and furosemide, vital signs, fluid intake, and laboratory data on blood and urinary biomarkers were assessed.
Safety assessment
To evaluate drug safety during the treatment period, we assessed the adverse events following the trial drug administration. Data relating to all the adverse Data were analyzed using the statistical software JMP 11.0.1 (SAS Institute) and expressed as mean ± SD. Continuous variables of the conventional diuretic groups and combination diuretic groups were compared using the Student's t test or the Mann-Whitney U test, whereas the paired t test or the Wilcoxon signed-rank test were used for paired data. Differences with a P value < 0.05 were considered significant. Statistical analyses were performed by the SATT Corporation, Tokyo, Japan.
RESULTS
Participating patients
A total of 66 patients were assessed in the present study from July 2014 through August 2016 ( Figure 1 ). Six patients dropped out of the study during the runin period for failing to meet the criteria for commencing treatment. The remaining 60 patients were randomized to receive either tolvaptan (n = 30) or furosemide (n = 30). However, four patients with unstable vital signs or acute renal failure were withdrawn from the study by their physicians before the drugs were administered (2 patients in each group). Three patients discontinued treatment, two owing to adverse events (hepatic encephalopathy and renal dysfunction, respectively), whereas the third required intervention following administration of standard diuretics therapy in the form of therapeutic abdominal paracentesis for uncontrollable ascites due to a bacterial infection.
Patient characteristics
Patient demographics and baseline characteristics are summarized in Tables 1 and 2 . No significant differences events were collected from the start of the trial drug administration until the final dosing day. The adverse events were classified using the Medical Dictionary for Regulatory Activities, version 17.0, and their severity was graded using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0.
Statistical analysis
Our estimation of clinical effects using change in body weight after a combination diuretic therapy for a wk was based on a previous study [11] . The change of body weight after 1 wk was 1.95 kg in the combination diuretic group and 0.44 kg in the conventional diuretic group; and therefore, we suspect a difference of at least 1.5 kg/wk between the two groups (the standard deviation of the two groups was 1.8 kg). In order to detect a difference of this magnitude that is significant with a 95% confidence interval and a power of 80%, there was a minimum of 24 patients required in each group. Assuming that 20% of the patients would drop out of the study, the required sample size for this trial was, therefore, estimated to be approximately 60 patients (30 patients each in the furosemide and tolvaptan groups).
Analyses were based on the per-protocol analysis and the full analysis set. The full analysis set included all randomized patients who received the trial drugs at least once. Missing data at the final evaluation day were imputed by the last data obtained after the start of the study. Safety analyses were conducted on all patients who received at least one dose of either of the trial drugs. No interim analyses for this study's data were done. were found in sex, age, cause of liver cirrhosis, or the amount of diuretics used between the two groups. Hemoglobin levels were higher in the conventional diuretic group (P = 0.0481), and platelet counts were slightly elevated (P = 0.0598). No significant differences were found between the groups prior to trial initiation in terms of serum albumin, serum ALT, serum BUN, serum creatinine, serum total bilirubin, serum sodium, serum potassium, serum OSM, serum aldosterone, serum renin, plasma AVP, urinary OSM, urinary sodium, potassium, or 24-h CCr.
Effect of treatment on body weight
Change in body weight measured 1 wk after administration of the trial drugs is shown in Figures 2 and 3 . In the combination diuretic group, the average decrease in body weight from baseline was -3.21 ± 3.17 kg (P < 0.0001) as measured on the final dosing day, with 18 (64.3%) responders. In the conventional diuretic therapy, the average decrease in body weight from baseline was -1.75 ± 2.36 kg (P = 0.0006) on the final dosing day, with 13 (46.4%) responders. Following 1 wk of treatment, a significantly greater reduction in body weight was observed in the combination diuretic group compared to that in the conventional diuretic group (P = 0.0412).
Effect on secondary endpoints
Change in urinary volume 1 wk after administration of the trial drugs is shown in Figure 4 . Following the administration of tolvaptan, a significant increase in mean urine excretion volume from 1356 ± 651 mL pretreatment to 2439 ± 1179 mL posttreatment was observed (P < 0.0001). Following the administration of furosemide, a slight increase in mean urine excretion volume was observed, with a pretreatment value of 1517 ± 939 mL and a posttreatment value of 1759 ± 888 mL (P = 0.0253). Following 1 wk of treatment, a significantly greater increase in urine volume was observed in the combination diuretic group compared to that in the conventional diuretic group (P < 0.0001). In the combination diuretic group, body weight consistently decreased, whereas urine volume consistently increased. In the conventional diuretic group, body weight consistently decreased, whereas urine volume remained constant.
After the administration of tolvaptan, a significant decrease in the ascites volume from 2204 ± 1384 mL pretreatment to 1501 ± 669 mL posttreatment was observed (P < 0.0001). Following the administration of furosemide, a significant decrease in the ascites volume from 2104 ± 1084 mL pretreatment to 1649 ± 401 mL posttreatment was observed (P < 0.0001). A significantly greater decrease in ascites volume was observed in the combination diuretic group compared to that in the conventional diuretic group (P = 0.0207) ( Figure 5 ).
Improvement in ascites-related symptoms after administration of the tolvaptan or furosemide was 71.4% (20/28) and 57.1% (16/28), respectively. There were no significant differences between the groups.
Pharmacological effects
After the administration of tolvaptan, plasma AVP was higher on the final dosing day compared to that at baseline (2.42 ± 1.52 vs 3.87 ± 1.99, P < 0.0001), whereas urinary OSM was lower (426.2 ± 163.3 vs 318.4 ± 118.0, P = 0.0106) (Figure 6 ). Renal function represented by 24-h CCr was indistinguishable between that at the baseline and the final dosing day (57.2 ± 27.9 vs 55.3 ± 34.1, P = 0.9980), as were ammonia levels (82.4 ± 48.5 vs 73.5 ± 42.2, P = 0.0854) ( Figure  7 and 8) .
After the administration of furosemide, plasma renin was higher on the final dosing day compared to that at baseline (8.45 ± 14.3 vs 15.0 ± 20.2, P = 0.0128), whereas renal function represented by 24-h CCr was lower (62.6 ± 38.4 vs 49.9 ± 40.4, P = 0.0231). Ammonia levels were higher on the final dosing day compared to those at baseline (75.6 ± 45.1 vs 110.8 ± 66.0, P = 0.0012).
Posttreatment serum ammonia levels were higher in the conventional diuretic group compared to those in the combination diuretic group (P = 0.0008), whereas plasma AVP and urinary OSM were higher in the combination diuretic group (P = 0.0003; P = 0.0296, respectively). No significant differences were observed between the groups in platelet count, serum albumin, serum bilirubin, serum creatinine, serum sodium, plasma renin, plasma aldosterone, urinary sodium, and 24-h CCr after administration of the trial drugs for 1 wk.
Safety
No deaths occurred during the treatment period. Adverse events were observed in 13 (46.4%) of the patients receiving tolvaptan and 16 (57.1%) of the patients receiving furosemide (Table 3) . Severe adverse events were reported in two patients in the conventional therapy (hepatic encephalopathy and a bacterial infection) during treatment and led to their withdrawal from the study. One patient with acute kidney injury was removed from the study at the request of the physician. Hepatic encephalopathy and acute kidney injury were more frequent in the conventional therapy. Dry mouth and frequent urination were more common in the combination diuretic group. There were no significant differences between the groups in heart rate and blood pressure. Hypokalemia was seen in three patients in the conventional diuretic group, and potassium supplements were given when serum potassium dropped to < 3.0 mEq/L during the study.
Clinical course after treatment for 1 week
After the treatment period, we conducted an observation for 1 mo. After the administration of tolvaptan, according to efficacy and tolerability, dose of tolvaptan was changed. Fifteen patients were kept on 7.5 mg, 8 patients were decreased to 3.75 mg; however, for Comparisons between the combination diuretic and conventional diuretic groups were performed using Student's t test.
5 patients the therapy was discontinued because of inefficacy. The average decrease in body weight from baseline was -4.01 ± 3.97 and -4.31 ± 4.07 kg (2 w, 4 w; respectively).
After the administration of furosemide, tolvaptan was administered or the furosemide dose was changed. Twelve patients were treated with tolvaptan. The furosemide doses were decreased for 9 patients. No changes were made in the doses for 5 patients, and only 2 patients received an increased dose of furosemide. Except for the patients who received tolvaptan, the average decrease in body weight from baseline was -3.18 ± 3.15 and -3.61 ± 3.37 kg (2 w, 4 w; respectively).
DISCUSSION
A combination diuretic therapy including aquaretic resulted in a greater decrease in body weight compared to conventional diuretic with natriuretic only for cirrhotic ascites patients. Moreover, compared to conventional diuretic therapy, combination diuretic therapy reduced the occurrence of diuretic-related severe side effects.
For cirrhotic ascites patients, the developed resistance to the standard medical therapy with sodium intake restrictions and natriuretic therapy was one of the most challenging problems. Negative sodium balance is commonly pursued for managing liver cirrhosis with ascites [3] . Although natriuretic drugs are generally useful, only a minority of ascites patients respond to this clinical treatment [17] . Diuretic-resistant ascites is possibly because of the reduction in the glomerular filtration rate and the loss of nephrons with natriuretic potential [18, 19] . Another common reason is the so-called "ceiling effect." Natriuretic drugs increase renal sodium excretion, and water excretion follows naturally [20] [21] [22] [23] , until a limit is reached. Ceiling doses of loop diuretics produce a maximal increase in fractional sodium excretion [24] . In the present study, the administration of furosemide in patients undergoing therapy with moderate doses of natriuretic was not change in urine excretion volume. Conventional diuretic therapy with a natriuretic drug only, which blocks sodium reabsorption, may be insufficient to restrict water reabsorption in cases of severe liver cirrhosis with increased circulating levels of AVP and RAAS components. In conditions associated with a lack of response to natriuretic drugs because of insufficient water excretion, concomitant use of aquaretic drugs may provide the ideal treatment. Consequently, combination therapy that involves the blocking of sodium and water reabsorption may be more effective in treating liver cirrhosis with ascites than conventional diuretic therapy, which only blocks sodium reabsorption [25] . The present study does not prove that an aquaretic drug alone is more effective than a natriuretic drug for patients with cirrhotic ascites. The basic therapy used for induction of a negative sodium balance in cases of liver cirrhosis with ascites consists of restricting salt intake and increasing renal sodium excretion [4] . Our previous report shows that administering tolvaptan is beneficial in cases with sufficient sodium excretion induced by a natriuretic drug, and that body weight decreased in proportion to levels of urine sodium excretion as a result of the combination therapy [16] . Therefore, we recommend measuring sodium excretion for a quick and easy determination of the diuretic regimen required.
It is noteworthy that this combination therapy was useful for diuretic-intractable ascites. Addition of tolvaptan had only a slight influence on ammonia levels, and that the incidence of hepatic encephalopathy was reduced in the tolvaptan group, compared to furosemide. Hepatic encephalopathy is related to impaired blood circulation, which decreases renal clearance of ammonia [26, 27] . In contrast to furosemide, tolvaptan increases urine output without decreasing renal blood flow, leading to indistinguishable ammonia levels in the tolvaptan group between the baseline and the final dosing day.
This study has shown that addition of furosemide influenced 24-h CCr and plasma renin activity, with renal dysfunction more frequent in the furosemide group than that in the tolvaptan group. A diuretic agent preferably should not activate the sympathetic nervous system or the RAAS, because the pathophysiology of ascites formation in liver cirrhosis is associated with the activation of the RAAS, and occurs to help restore blood homeostasis [28] [29] [30] . Although concomitant medications such as branched-chain amino acids, nonabsorbable disaccharides, angiotensin II receptor blockers, or angiotensin converting enzyme inhibitors affect RAAS activation and ammonia levels, combination therapy including aquaretic and natriuretic drugs reduces the incidence of diuretic-related severe side effects. In contrast, increasing the dosage of furosemide above the ceiling dose increases the frequency of severe side effects.
Furthermore, hyponatremia and hypokalemia were not seen in the combination diuretic group. To avoid an electrolyte disturbance, combination diuretic therapy should be evaluated and may resolve hyponatremia with long-term treatment [7] . Hyponatremia, which is characterized by excessive renal retention of water increased release of AVP, is associated with increased mortality and numerous complications in cirrhotic patients. A combination therapy, including a vasopressin V2-receptor antagonist, which increases the serum sodium concentration, has the potential to improve outcomes in liver cirrhosis patients with ascites [7] . Our final objective was to establish the strategy of ascites refractory to diuretic therapy. However, the present study was not suitable for the management of patients with refractory ascites in two points. First, refractory ascites is defined as immobilization of free fluid from the peritoneum despite 160 mg/d of furosemide and 400 mg/d of spironolactone. Therefore, doses of naturetic drugs were not matched, which is different from the standard Japanese guidelines [15] . Second, many patients with refractory ascites develop a chronic renal dysfunction with the progression of cirrhosis. Patients enrolled in this study had a relatively good renal function and good sodium excretion. If they had presented with mild or severe renal dysfunction, which would have affected the response to diuretics, the results would likely have been markedly different. A previous study reported that changes in body weight after administration of tolvaptan were dependent on the level of creatinine or eGFR (estimated glomerular filtration rate) [25] . The present study has a few limitations. First, the study was not a multicenter study. Hence, a relatively small number of patients were enrolled, resulting in patient selection bias. Second, current understanding of the influence of tolvaptan on circulating blood volume and renal clearance of ammonia is insufficient, warranting further study. Finally, it is not clear whether or not the combination therapy improved the longterm prognosis of these patients. Further detailed research of prognosis under combination therapy is warranted.
In summary, to our knowledge, this study is the first study that examines whether the addition of an aquaretic drug is a more effective therapy than only increasing the dose of a natriuretic drug for liver cirrhosis patients with ascites.
ARTICLE HIGHLIGHTS
Research background
Recently, several studies have evaluated the effects of aquaretic drugs such as tolvaptan for treating ascites resistant to conventional therapies.
Research motivation
Whether a combination therapy with natriuretic and aquaretic drugs is more effective than conventional therapy with natriuretic for liver cirrhosis patients with ascites remains unclear.
Research objectives
We assessed the effects of a combination therapy with natriuretic and aquaretic drugs in cirrhotic ascites patients.
Research methods
A two-center, randomized, open-label, prospective study was conducted. Japanese patients who met the criteria were randomized to trial groups and they received an aquaretic drug (7.5 mg of tolvaptan) or a natriuretic drug (40 mg of furosemide) for 7 d in addition to the natriuretic drug which was used prior to enrolment in this study. The primary endpoint was the change in body weight from the baseline. Vital signs, fluid intake, and laboratory and urinary data were assessed to determine the pharmacological effects of tolvaptan and furosemide.
Research results
A total of 56 patients were randomized to receive either tolvaptan (n = 28) or furosemide (n = 28). In the tolvaptan and furosemide groups, the average decrease in body weight from the baseline was 3.21 ± 3.17 kg (P < 0.0001) and 1.75 ± 2.36 kg (P = 0.0006), respectively, when measured on the final dosing day. Following 1 wk of treatment, a significantly greater reduction in body weight was observed in the tolvaptan group compared to that in the furosemide group (P = 0.0412).
Research conclusions
Compared to a conventional therapy with only natriuretic drugs, a combination therapy with natriuretic and aquaretic drugs is more effective for patients with cirrhotic ascites. Following 1 wk of treatment, a significantly greater reduction in body weight was observed in the combination therapy compared to that in the conventional therapy. Combination therapy that involves the blocking of sodium and water reabsorption may be more effective in treating liver cirrhosis with ascites than conventional therapy, which only blocks sodium reabsorption. Combination therapy including tolvaptan and conventional diuretics reduced the occurrence of diuretic-related severe side effects. A two-center, randomized, open-label, prospective study was conducted. The criteria were randomized to a trial group and the combination diuretic group (natriuretic and aquaretic drugs) or the conventional diuretic group (a natriuretic drug only). A combination diuretic therapy including an aquaretic drug resulted in a greater decrease in body weight compared to conventional diuretic with only a natriuretic drug for cirrhotic ascites patients. Moreover, compared to conventional diuretic therapy, combination diuretic therapy reduced the occurrence of diuretic-related severe side effects. Compared to a conventional diuretic therapy with only a natriuretic drug, a combination diuretic therapy with natriuretic and aquaretic drugs proved to be more effective for patients with cirrhotic ascites. Combination therapy may establish a strategy to treat ascites refractory to the standard diuretic therapy.
Research perspectives
The study compared to a conventional diuretic therapy with only a natriuretic drug, a combination diuretic therapy with natriuretic and aquaretic drugs is more effective for patients with cirrhotic ascites. It is not clear whether or not the combination therapy improved the long-term prognosis of these patients. Therefore, future long-term observational studies are warranted. The future research should assess the influence of renal function after the administration of tolvaptan and furosemide in liver cirrhosis patients with ascites for at least 24 wk.
